INTRODUCTION {#SEC1}
============

DNA is a promising material in the field of nanotechnology, owing to the predictable Watson--Crick base pairing, the outstanding data-storage capacity and tininess ([@B1]). To date, DNA has been exploited to construct logic operations ([@B2]), cascading networks ([@B8]) and cycling circuits ([@B14]), demonstrating its great potential in molecular nano-engineering and computing. In particular, DNA logic circuit plays a critical role in engineered biological systems as regulation of signal amplification and information processing. Accordingly, the functions of signal delivery and propagation are performed via the various DNA circuits. In the DNA-based signaling networks, most of signaling operations employed two main mechanisms ([@B20]): non-catalytic and entropy-driven catalytic DNA circuits. In catalytic DNA circuits, the input DNA trigger can be recycled for multiple rounds and maintains itself without being consumed. Therefore, the catalytic DNA mechanism provides more possibilities to perform cascading information process, such as signal amplification and transmission ([@B25]).

The main regulation method in the catalytic DNA circuits is toehold-mediated strand displacement that was simple, robust and modular and widely used to trigger the circuits and connect up and downstreams ([@B28],[@B29]). In most of the toehold-regulated catalytic circuits, the rearrangements of DNA hybridization occurred during strand displacement reactions, without any covalent modification ([@B28],[@B29]). In fact, in some of the natural or synthetic DNA circuits, the reactions were triggered by covalent modifications (e.g. cleaving backbone bonds) to facilitate complex DNA engineering functions and signal transmissions, such as treated with light, protein enzymes and DNAzymes ([@B30]). The regulations of the conformational changes can provide more possibilities to control the DNA networks in a modular and tunable manner ([@B33],[@B34]). However, most of the reported artificial catalytic DNA circuits were regulated by the toehold-mediated reaction. Therefore, it is significant to propose a strategy to regulate the catalytic DNA circuit not only by the toehold-mediated mechanism, but also involving the conformational changes induced by the covalent modification.

In reality, catalytic nucleic acids (DNAzymes or ribozymes) have been used as active elements for the signal amplification and information delivery to detect small stimuli (e.g. Mg^2+^, Cu^2+^ and aptamers) ([@B35]). Meanwhile, DNAzyme also has been proven to be particularly suitable for DNA logic operations with good regulation and flexible design ([@B43]), due to the simple synthetic preparation and highly efficient digestion. Briefly, typical DNAzyme digestion can lead to the bond breaks of the DNA substrate to induce the conformational changes, which can release the product strand for the subsequent trigger events. Therefore, such DNAzyme-mediated operation provides an effective route to achieve a well-regulated covalent modification. To the best of our knowledge, despite the well development of the two methods: catalytic DNA circuit and DNAzyme, it has rarely been reported a cascading DNA networks combined with the two components.

Herein, we developed a system of cascading entropy-driven DNA logic gates regulated by DNAzymes. In this system, a regulation strategy based on the covalent modification was proposed to control the DNA circuit, combing two reaction mechanisms: DNAzyme digestion and entropy-driven strand displacement. First, the circuit responds to the conformational changes induced by specific DNAzyme digestion. Subsequently, the entropy-driven favorability is facilitated via strand displacement, to perform a catalytic strand displacement reaction. In the process, the strand displacement reaction leads to the generation of a new DNAzyme, which can then act as an input to trigger the next downstream targets. In our design, DNAzyme and DNA catalyst participated in the reactions alternatively, thus realizing a cascading catalytic circuit. Importantly, DNAzyme in this study plays two regulation roles as both an input trigger and an output signal, which can specifically connect up and downstreams. The DNA catalyst here serves as an unconsumed input trigger. To demonstrate the feasibility and scalability of the DNAzyme-based regulation strategy, a series of 'logic gates' (YES, OR and AND) are constructed. Moreover, a two-layer cascading circuit and a feedback self-catalysis logic circuit were also established. The results were confirmed via native polyacrylamide gel electrophoresis (PAGE) and fluorescence detection. The proposed DNAzyme-regulated strategy shows a great potential as a reliable and feasible method for constructing complex cascading DNA circuits, which may have more applications in molecular sensing, nano-device and DNA computing.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

All the DNA strands were synthesized by Sangon Biotech. Co., Ltd. Unmodified DNA strands were purified by PAGE and modified DNA strands with fluorophore were purified by high-performance liquid chromatography. All DNA strands were dissolved in water as stock solution and quantified using a Nanodrop 2000, and absorption intensities were recorded at *λ* = 260 nm. The sequences of all strands are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Gels were prepared using TAE/Mg^2+^ buffer (40 mM Tris, 20 mM acetic acid, 2 mM ethylenediaminetetraacetic acid (EDTA) and 12.5 mM magnesium acetate, pH 8.0) and 500 ml of mother liquor of acrylamide at a concentration of 45% (217 g of acrylamide and 8 g of N,N′-methylenebis (acrylamide)). Other chemicals were of reagent grade and were used without further purification.

Logic gate preparation {#SEC2-2}
----------------------

Logic gates were formed by mixing several kinds of DNA strands in a course of slow annealing. Various equimolar DNA strands were added to a final concentration of 0.6 μM, in 1× TAE/ Mg^2+^ buffer (20 mM Tris acetate, 2 mM EDTA, 12.5 mM Mg acetate, pH 8.0). The mixture is annealed at the reaction condition of 95°C for 5 min, 65°C for 30 min, 50°C for 30 min, 37°C for 30 min, 22°C for 30 min and finally kept at 4°C. Subsequently, the catalyst inputs (strands B--45, B1--45 and B2--45) and the input DNAzyme 2 or 3 were added to a final concentration of 0.3 and 1.2 μM and reacted at the room temperature for a night. In a two-layer 'YES' logic gate, after first constructing each gate separately, the two-layer 'YES' logic gate was then formed by mixing the solutions of all gates.

Native polyacrylamide gel electrophoresis (PAGE) {#SEC2-3}
------------------------------------------------

The DNA solutions mixed with 6× loading buffer (Takara) were analyzed in a 12% native PAGE was conducted in 1× TAE/Mg^2+^ buffer at a constant voltage of 100 V for 2 h.

Fluorescent biosensing assays {#SEC2-4}
-----------------------------

In the fluorescent assays of all logic gates (YES, OR, AND and two-layer YES), 0.4 μM of the gate strands solution was incubated with the catalyst inputs (0.1--0.2 μM), and input DNAzyme (1.2 μM) in 1× TAE/Mg2+ buffer, and fluorescence intensities were recorded every 6 min. All fluorescence experiments were repeated three times to ensure reproducibility. The fluorescent experiments were implemented using real-time polymerase chainreaction (PCR) (Agilent, Mx3005P).

RESULTS AND DISCUSSION {#SEC3}
======================

Basic YES gate controlled by strand displacement {#SEC3-1}
------------------------------------------------

As shown in Figure [1A](#F1){ref-type="fig"}, the 'YES' gate is triggered by a DNA strand to produce DNAzyme (DNA →DNAzyme). The DNAzyme was designed to be separated into two individual parts: strands A and B. Strand B was initially protected by embedding into a DNA complex B (B/B1/B2). Only when A and B hybridized, the complete DNAzyme can be produced to serve as an active output reporter to produce fluorescence signals by cutting substrate BrA. Here, strand BrA was designed to have a ribonucleotide cleavage site (TrAGG) in the middle region with the fluorophore carboxy-fluorescein (FAM) and quencher BHQ functionalized at either end. The DNAzyme cutting can result in the separation between fluorophore and quencher, thus causing increasing fluorescence intensity. In this gate, two catalytic processes are employed as entropy-driven and DNAzyme catalysis mechanisms. Accordingly, the structure of DNAyzme was designed as two functional parts: a structural arm and a cleavage unit (Figure [1A](#F1){ref-type="fig"}). Notably, entropy-driven DNA strand displacement was used to control the hybridization state of the structural arm. Complex B and strand A initially coexist in solution without triggering. The reaction can only be triggered upon addition of catalyst H1. Specifically, catalyst H1 can first hybridize with the DNA complex through a 6-nt toehold, thus resulting in disassociation of B2 from the complex. Then, a 4-nt newly exposed single-stranded region is generated on strand B to facilitate downstream strand displacements. Subsequently, strand A can hybridize with strand B via the 4-nt toehold to form an active DNAzyme-1, simultaneously releasing the preoccupied B1 and catalyst H1. In this case, catalyst H1 can be recycled for multiple times to participate the reaction. At last, the formed DNAzyme-1 can digest the fluorescent substrate BrA resulting in a significant fluorescence increase. Here, the reaction can be depicted as an abstract graph in Figure [1B](#F1){ref-type="fig"}, where the dotted circle and the solid circle represent the entropy-driven catalysis and DNAzyme catalysis, respectively.

![(**A**) Scheme for the 'YES' gate using the DNAzyme-based regulating strategy. (**B**) The abstract graph of the YES gate. The purple and green circles represent the two catalysis amplifications as entropy-driven and enzymatic mechanisms, respectively. (**C**) Gel analysis of the YES gate reaction using a 12% PAGE. Lane 1, DNAzyme 1 consisting of strands B and A; lane 2, the previous complex B; lane 3, the previous B complex with addition of strand A; lane 4, the B complex and A of the gate strands after adding catalyst H1. (**D**) Time-dependent fluorescent intensity changes in the presence of (1) input strand H1 or (2) no input. The time interval is 6 min. All data represent the average of three replicates. Error bars represent one standard deviation from triplicate analyses.](gky663fig1){#F1}

The reaction of YES gate was confirmed by native PAGE gel electrophoresis and fluorescence assay (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). As shown in Figure [1C](#F1){ref-type="fig"}, lane 3, no displacement reaction occurred without addition of catalyst H1 and thus the two individual bands corresponding to the B complex and A can be observed. However, in the presence of catalyst H1, the gel band of B complex disassembled to produce a new band of DNAzyme-1 (lane 4). In addition, to test the signal amplification ability of catalyst H1, a control experiment was conducted by reducing the concentration of catalyst H1 to trigger the reaction ([Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). The results showed that a significant production of DNAzyme-1 can be found even at a low ratio of \[H1\]: \[DNA complex\] = 1:6, thus indicating the successful catalytic ability of H1.

In addition, a fluorescence assay was conducted to monitor the 'YES' gate in real time. A significant increase in fluorescence signals was observed upon addition of the catalyst H1 (Figure [1D](#F1){ref-type="fig"}, curve 1), confirming that the DNAzyme-based regulating reaction had indeed occurred. To determine the appropriate concentration of catalyst H1 to trigger the reaction, control experiments were also performed using a series of different concentrations of the catalyst. As shown in [Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}, with the increases of H1 concentrations, the fluorescent intensity increased correspondingly. Based on the results above, 0.1--0.2 μM was chosen as the appropriate concentration of catalyst H1 in different logic operations. Notably, the fluorescence signal increased at a slow rate in curve 1. We attribute this phenomenon as the low concentration of the gate strands leads to an incomplete consumption of the fluorescence substrate BrA during 10 h reaction time. In the [Supplementary Data](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}, a control experiment was implemented by increasing the gate strands concentrations to completely consume BrA and extending the reaction to 16 h. Accordingly, the fluorescence signals showed rather fast growths at early time points and quickly reached the top level.

DNAzyme triggered cascading YES gate {#SEC3-2}
------------------------------------

To investigate the feasibility of constructing the hierarchical DNAzyme-based regulating circuit, a cascading YES gate was also developed, in which the circuit was designed to be triggered by the DNAzyme input and generated another DNAzyme. In this system, DNAzyme-2 was designed as the input molecule to trigger the cascading YES gate and produce DNAzyme-1 to induce fluorescence intensity increase. There were four DNA components as DNA complex B\* (the left half of DNAzyme protected by strand B\*-CrD), strand A (the right half of DNAzyme), the hairpin pre-catalyst H2 and the fluorescent substrate BrA (Figure [2A](#F2){ref-type="fig"}). Notably, both strand B\*-CrD and the pre-catalyst H2 were designed to contain a TrAGG in the middle of the loop region. Therefore, upon addition of DNAzyme-2, the cleavage site in strand B\*-CrD will be cut into two pieces, leading to a conformational change to activate DNA complex B\*. Meanwhile, DNAzyme-2 also cuts the loop of hairpin H2 to release catalyst H2\*, which can initiate the entropy-driven strand displacement and result in the generation of DNAzyme-1. Similar to the basic YES gate described above, catalyst H2\* can be recycled multiple times to participate in the reaction toward generating DNAzyme-1. At last, the generated DNAzyme-1 can directly digest the fluorescent substrate BrA to induce a significant fluorescence increase. The reaction can be depicted as an abstract graph (Figure [2B](#F2){ref-type="fig"}), where the dotted circle, the solid circles represent the catalysis of H2\*, DNAzyme-2 and DNAzyme-1, respectively.

![A cascading 'YES' logic gate based on the DNAzyme-based regulating strategy. (**A**) Illustration of a cascading YES gate. The loop region of strand B\*-CrD has a TrAGG (purple arrow), which is similar to the pre-catalysts H2. The fluorophore FAM and the quencher BHQ are functionalized at either end of strand BrA. DNAzyme-1 can cleave the reporter strand BrA to trigger fluorescent signals. (**B**) The abstract graph of two enzymatic catalytic processes (DNAzyme-2 and DNAzyme-1) and one entropy-driven amplification process (catalyst strand H2\*) in the cascading 'YES' logic reaction. (**C**) Analysis of YES-gate products using a 12% PAGE gel: '+' denotes addition of the strand and '−' denotes absence of the strand. Lane 1, the products of DNAzyme-1; lane 2, the product of the duplex substrate B\*; lane 3, the gate stands consist of strand A and the duplex substrate; lane 4, the gate strands and one hairpin pre-catalyst H2; lane 5, the product after adding DNAzyme-2. (**D**) Time-dependent fluorescence changes according to different inputs. The time interval is 6 min. Curve (1) reflects the reaction with the addition of DNAzyme-2 and curve (2) is the case with no input. All data represent the average of three replicates. Error bars represent one standard deviation from triplicate analyses.](gky663fig2){#F2}

To verify the cascading YES-gate operation, both a fluorescence assay and PAGE experiments were carried out. A significant fluorescence signal increase was observed in the presence of DNAzyme-2 (Figure [2D](#F2){ref-type="fig"}, curve 1), whereas no such increase was detected in the absence of input DNAzyme-2 (Figure [2D](#F2){ref-type="fig"}, curve 2). Similarly, analysis of the gel banding patterns showed that the addition of DNAzyme-2 resulted in a newly formed band corresponding to DNAzyme-1 along with digestion of the hairpin pre-catalyst H2 (Figure [2C](#F2){ref-type="fig"}, lane 5). However, when DNAzyme-2 was absent, no product of DNAzyme-1 was generated and the pre-catalyst H2 remained intact (Figure [2C](#F2){ref-type="fig"}, lane 4). To determine the most suitable reaction concentration, a control PAGE gel and fluorescence experiments were conducted with varying concentrations of DNAzyme-2 (0.03--3 μM) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Two-layer cascading YES gate controlled by DNAzyme {#SEC3-3}
--------------------------------------------------

To test the expandability of HDCD-based circuit, we also established a two-layer cascading YES gate regulated as DNAzyme-3→DNAzyme-2a→DNAzyme-1. As illustrated in Figure [3A](#F3){ref-type="fig"}, DNAzyme-3 was designed as the input in the first-layer YES gate to trigger the activation of complex D (targeting the loop cleavage site of strand D\*-ErF). Then, with the help of catalyst H4, the complementary strand C' can displace strands D\*-1 and D\*-2 via the entropy-driven mechanism, thus generating complete DNAzyme-2a. Subsequently, the newly formed DNAzyme-2a serves as the input to trigger the second-layer YES gate. Similarly, triggered by DNAzyme-2a, the state of DNA complex B\* in the second-layer gate can be activated. Assisted by catalyst H1, DNAzyme-1 can be generated to induce an increasingly fluorescence intensity by digesting reporter BrA. The reaction can be depicted as an abstract graph in Figure [3B](#F3){ref-type="fig"}, where the dotted circles represent the catalysis of H4 and H1, the solid circles represent the catalysis of DNAzyme-3, DNAyzme-2a and DNAzyme-1, respectively.

![(**A**) Illustration of a two-level cascading circuit YES gate. The first-level YES gate consists of the duplex complex D, single strand C', catalyst H4 and input DNAzyme-3. The second-level YES gate is composed of the duplex complex B\*, single strand A, fluorescent reporter BrA and catalyst H1. The output DNAzyme-2a in the first-level gate triggers the downstream reaction as an input to induce a significant fluorescence increase. (**B**) Illustration of three DNAzyme catalytic reactions (DNAzyme-3, DNAzyme-2a and DNAzyme-1) and two entropy-driven reactions (catalysts H4 and H1) in the two-level cascading circuit. (**C**) Time-dependent fluorescence changes with different inputs. The time interval is 6 min. Curves (1), (2) and (3) demonstrate the effect of the addition of (1) DNAzyme-3 without catalysts H1 and H4, (2) with catalysts H1 and H4 in the absence of DNAzyme-3, (3) in the presence of DNAzyme-3 and both catalysts, respectively. All data represent the average of three replicates. Error bars represent one standard deviation from triplicate analyses.](gky663fig3){#F3}

In the fluorescence assay, a significant fluorescence output was obtained in the presence of the input DNAzyme-3 and the two catalysts H4 and H1 (Figure [3C](#F3){ref-type="fig"}, curve 3). However, relatively lower fluorescence leakage was observed in the absence of input DNAzyme-3 (curve 2). This phenomenon possibly attributes to the direct strand invasion of DNA catalysts H4 and H1. To verify this speculation, the control experiments were also implemented in support information [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}. It was indicated that the leaks were mainly caused by catalyst H1. Meanwhile, no obvious fluorescence signal was observed in the absence of the two catalysts (curve 1). Moreover, PAGE analysis was employed to verify the two-layer cascading YES gate ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), also indicating the successful operation of the two-layer logic DNA circuit. The experimental results were also confirmed via the cascading simulation model in [Supplementary Data Section 3](#sup1){ref-type="supplementary-material"} ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

DNAzyme-triggered OR gate {#SEC3-4}
-------------------------

To further test the reliability and expandability of the DNAzyme-based regulating circuit, an 'OR' logic gate was constructed triggered by DNAzyme-2 and DNAzyme-3 (DNAzyme-2→DNAzyme-4←DNAzyme-3). DNA components used in this system included complex B'/B4, the fluorescent substrate CrE, catalysts H2 and H3 and the single strand A2 (the right half of DNAzyme-4). In this system, two catalysts, H2 and H3, were employed with a hairpin structure design to reduce possible leakage. Notably, different from the mono-cleavage site design in other gates, the complex E here contains two TrAGGs, corresponding to DNAzyme-2 and DNAzyme-3, respectively (purple arrow and pink arrow in Figure [4A](#F4){ref-type="fig"}). Meanwhile, two hairpin catalysts H2 and H3 can be activated by digestion of the DNAzyme-2 and DNAzyme-3, respectively. That means when adding any of DNAzyme-2 or DNAzyme-3, the complex E and DNA catalyst can be activated simultaneously via cleavage of loop site, thus resulting in the generation of DNAzyme-4. At last, the formed DNAzyme-4 digests the fluorescent reporter CrE to produce the FAM fluorescence increase. The reaction can be depicted as an abstract graph in Figure [4B](#F4){ref-type="fig"}, where the dotted circle represents the catalysis of H2 or H3, the solid circles represent the catalysis of DNAzyme-2, DNAyzme-3 and DNAzyme-4, respectively.

![Regulations of the OR gate using DNAzymes-2 and -3. (**A**) Schematic illustration of the logic gate. The loop region of strand B4 has two TrAGGs (purple arrow, loop site 1; pink arrow, loop site 2), which are similar to catalysts H2 (purple arrow) and H3 (pink arrow), respectively. The fluorophore FAM and quencher BHQ are functionalized at either end of strand CrE. DNAzyme-1 can cleave the reporter strand CrE to trigger fluorescent signals. (**B**) Abstract graph of three DNAzyme catalytic reactions (DNAzyme-3, -2 and -4) and one entropy-driven reaction (catalysts H2 or H3) in the OR gate. (**C**) Time-dependent fluorescence changes with different inputs. The time interval is 6 min. The curves (1), (2), (3) and (4) reflect the reactions with the addition of DNAzymes-2 and -3, DNAzyme-2, DNAzyme-3 and no input, respectively. All data represent the average of three replicates. Error bars represent one standard deviation from triplicate analyses. (**D**) Analysis of OR gate products using a 12% PAGE gel. '+' denotes addition of the strand. Lanes 1, the products of the complex E; lane 2, the product of DNAzyme-4; lane 3, gate stands consisting of strand A2 and the duplex complex; lane 4, gate strands and one hairpin catalyst H2; lane 5, gate strands and one hairpin catalyst H3; lanes 6--8, in the presence of DNAzyme-3, DNAzyme-2 and both, respectively.](gky663fig4){#F4}

In the fluorescence assay, it was observed that in the presence of either DNAzyme-2 or -3, the fluorescence signals increased significantly (Figure [4C](#F4){ref-type="fig"}, curves 2 and 3). Meanwhile, simultaneous addition of DNAzyme-2 and DNAzyme-3 led to a greater fluorescence increase than those of addition either one trigger input (curve 1). This synergistic effect may arise from the high amount of DNAzyme-4 generated when both triggers were introduced at the same time. In the absence of any input, no significant fluorescence increase can be observed. However, a small amount of fluorescence could still be observed, indicating that a certain degree of leakage occurred in the control reaction (Figure [4C](#F4){ref-type="fig"}, curve 4).

To better confirm the OR gate operation, a gel electrophoresis experiment was also implemented. In the absence of the two inputs DNAzymes-2 and -3, no gel band representing DNAzyme-4 was observed (Figure [4D](#F4){ref-type="fig"}, lane 5). Nevertheless, when either DNAzyme-2 or -3 was introduced, a new band of DNAzyme-4 was also generated (blue arrows in lanes 7 and 6) and the gel band corresponding to DNA complex E largely disappeared. Addition of both DNAzymes-2 and -3 also led to the generation of the DNAzyme-4 band (lane 8). Interestingly, the quantities of DNA complex E remaining in the reactions differed according to the input conditions. With the simultaneous addition of two triggers, the band of the DNA complex disappeared without a trace (lane 8), whereas with only one trigger there was still some surplus DNA complex remaining (lanes 6 and 7). These gel results here were nearly identical with the fluorescence results shown in Figure [4C](#F4){ref-type="fig"}. Similar to the OR gate, an AND gate operation was also constructed, and the results of fluorescence and gel electrophoresis can be found in the [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}.

Self-catalysis DNA circuit using feedback mechanism {#SEC3-5}
---------------------------------------------------

At last, we designed a self-catalysis DNA circuit, where a feedback loop was established to catalyse the reaction itself (Figure [5A](#F5){ref-type="fig"}). In this system, the whole circuit was divided into two functional parts: fluorescence reporter and self-catalysis loop, which were simultaneously initiated by DNAzyme-2. After triggering, the DNA complex B' (B'/B\*-CrD) can be activated and the products DNAzyme-2b and -4 were generated in fluorescence reporter and self-catalysis loop, respectively. Because DNAzyme-2b was designed to target at complex B', as well as initial trigger DNAzyme-2, the feedback loop was constructed as DNAzyme-2→complex B' →DNAzyme-2b→complex B' →DNAzyme-2b. Therefore, the feedback circuit can accelerate the generations of both DNAzyme-2b and DNAzyme-4, thus realizing self-catalysis reaction. To compare the self-catalysis effect in detail, a control experiment was also carried out, where the feedback circuit was inhibited via replacing DNAzyme-2b product with the waste product DNAzyme-5 (Figure [5B](#F5){ref-type="fig"}). In the control experiment, the only initial DNAzyme-2 serves as the trigger and no other self-catalysis trigger produced during the reaction (DNAzyme-2→complex B'→DNAzyme-5). By contrast, in the self-catalysis circuit, the feedback mechanism can accelerate the generation of new trigger DNAzyme-2b, thus significantly promoting the reaction and resulting in higher fluorescence intensity. The reactions can be depicted as abstract graphs in Figure [5C](#F5){ref-type="fig"}, where the dotted circle represents the catalysis of B3, the solid circles represent the catalysis of DNAzyme-2, DNAyzme-2b and DNAzyme-4.

![(**A**) Illustration of a self-catalysis circuit. With the help of catalyst H1, DNAzyme-2 is used as an input to trigger the whole circuit, generating two products: DNAzyme-2b and DNAzyme-4. DNAzyme-2b has the same enzyme cleavage site as the input DNAzyme-2 and can therefore cut strand B\*-CrD to initiate the self-catalysis reaction. (**B**) Illustration of a control experiment. DNAzyme-2 is used as an input to trigger the whole circuit, generating two products: DNAzyme-5 and DNAzyme-4. DNAzyme-5 is a waste product. (**C**) Abstract graph of three DNAzyme catalytic reactions (DNAzyme-2, DNAzyme-2b and DNAzyme-4) and one entropy-driven reaction (catalyst H1) in the self-catalysis circuit and control experiment. (**D**) Analysis of the self-catalysis circuit products using a 12% PAGE gel. Lanes 1, products of the duplex substrate B\*; lane 2, the product of DNAzyme-4; lanes 3--6, a series of different DNAzyme-2 concentrations added to the gate solution with strands A0 and A2 as 0.05, 0.15, 0.45 and 1.35 μM, respectively; lanes 7--10, a series of different DNAzyme-2 concentrations added to the gate solution with strands A1 and A2 as 0.05, 0.15, 0.45 and 1.35 μM, respectively. Other DNA components were used at fixed concentrations 0.6 μM of B'/B\*-CrD, 0.15 μM of catalyst H1 and 0.1 μM of ssDNA (A0, A1 and A2). (**E**) Fluorescence signal analysis. The columns 1--6 correspond to the relative fluorescence increase percentage (△F) before and after self-catalyzing at 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 μM, respectively.](gky663fig5){#F5}

PAGE analysis was implemented to validate the effects of the self-catalysis feedback (Figure [5D](#F5){ref-type="fig"}). Because of the feedback effect, a small amount of input DNAzyme-2 was enough to trigger the circuit in the self-catalysis reaction. Therefore, in this experiment, varying concentrations of DNAzyme-2 were used to trigger the reactions as 0.05, 0.15, 0.45 and 1.35 μM. Notably, there was a clear difference in the gel results of the control (lanes 3--6) and self-catalysis (lanes 7--10) experiments. Here, we use the generation quantities of the target products to determine the effects of self-catalysis, including DNAzyme-2b, DNAzyme-5 and DNAzyme-4 (red square frame in Figure [5D](#F5){ref-type="fig"}). When using 0.05 μM of DNAzyme-2, there was essentially no target product detectable in the control experiment (lane 3), while a weak target product gel band was obtained in self-catalysis experiment (lane 7), thus demonstrating the successful performance of the self-catalysis reaction.

Interestingly, with the concentrations of DNAzyme-2 increased, the differences of target product generations between the control and self-catalysis experiments gradually reduced (Figure [5D](#F5){ref-type="fig"}). Here, we measured the feedback efficiency using the catalysis ratio, which is the number obtained by comparing the incremental generations of target products in the control and self-catalysis experiments, representing the self-catalysis ability (more details in [supporting information section 2](#sup1){ref-type="supplementary-material"}, [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). From the result of software IMAGE J, the catalysis ratios of varying DNAzyme-2 concentrations (0.05, 0.15, 0.45 and 1.35 μM) were 0.96, 1.18, 0.23, 0.18, respectively. Clearly, the catalysis ratio values have a decreasing tendency with DNAzyme-2 concentration increased. We attribute this phenomenon as, at low DNAzyme-2 concentration, the target products quantities directly induced by initial DNAzyme-2 were rather small, and the quantities caused by feedback trigger DNAzyme-2b were relative high. Therefore, the self-catalysis effect is much easier to be observed at the low DNAzyme-2 concentrations. This speculation was also verified with the self-catalysis simulation model in [Supplementary Data Section 3](#sup1){ref-type="supplementary-material"} ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}).

Furthermore, the self-catalysis effect was also confirmed by fluorescence assay, in which a series of DNAzyme-2 concentrations were used as 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 μM (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Here, the self-catalysis ability was represented by using the relative percentage (Δ*F*). Similar to the gel results, the differences between the self-catalysis and control experiments became smaller, when initial DNAzyme-2 concentrations increased (Figure [5E](#F5){ref-type="fig"}). Overall, these results verified the performance of feedback reaction based on DNAzyme regulation.

CONCLUSION {#SEC4}
==========

In summary, we have developed a system of catalytic DNA logic gates regulated by DNAzymes. In the system, the DNAzyme acts as an input to produce the covalent modification (e.g. cleaving backbone bonds). Then, the circuits respond to the conformational changes and facilitate the entropy-driven strand displacement. Meanwhile, a new DNAzyme can be produced during one cycle of such catalytic DNA circuit. Therefore, DNAzyme and DNA catalyst can participate into the reactions alternatively, thus realizing a cascading catalytic circuit. In this study, a series of basic DNA logic gates were established, including YES, OR and AND. In addition, the two-layer cascading DNA circuit was constructed to demonstrate the scalability and hierarchy of the regulation method. At last, the self-catalysis circuit was also performed, in which the feedback and report functions were simultaneously realized via the DNAzyme-based regulation. Moreover, the concentration-dependent differentiation was found between the self-catalysis and control experiments. Overall, the results demonstrated that the DNAzyme regulation strategy is suitable for regulating complex hierarchical catalytic DNA circuits. In particular, this method also shows a promise for constructing complicated nanodevices and nanorobots. We envision that, combined with other recently developed sensing methods, the resulting cacscading DNA circuits will have further potential applications in related fields of biosensing and molecular engineering.
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